We report photophysical properties of a nanocomposite consisting of perovskite quantum cuboids (QCs) formed by CsPbBr 3 and a wide temperature range nematic liquid crystal. Contrary to observations made with conventional II-VI quantum dots dispersed in a liquid crystal, the used QCs form, under the influence of the nematic orientation, linear assemblies over macroscopic length scales evidenced by polarizing optical microscopy. Interestingly, the linear assembly is actually caused by such an anisotropic arrangement at the nm scale, as seen in TEM images. Thin films of the nanocomposite exhibiting this unique and fascinating character exhibit absorption and emission features, which are quite appealing. These include retention of the sharp bandwidth of emission characteristic of the native QCs and establishment of dual anisotropies, arising from the values being different along the director as well in the two directions orthogonal to it. We also present data on voltage-driven switching between one of the anisotropic limits.
Introduction
Recently, investigations on composites comprising nanostructures and liquid crystals have become a hot topic owing to the possible complementary aspects in the properties of the two constituents. Liquid crystals (LCs), composed of calamitic, disc-like or banana-shaped molecules, are fluids at least in one dimension, and can exhibit various degrees of ordering that can be tuned by different external control parameters [1] . In the calamitic systems the long axes of the rod-shaped molecules align along a preferred direction, denoted as the director (n). The nematic phase, the least ordered LC phase, exhibits long-range orientational order (along n), without any positional order. The orientational order brings in anisotropic character to many physical properties, including electrical and optical characteristics, of the medium. For example, the system exhibits finite birefringence, ∆n = n e -n o , with n e and n o being the extraordinary and ordinary indices of refraction, respectively. While LCs are ubiquitous in flat panel displays, other potential applications for which these materials have assumed significance are waveguiding, beam steering etc. [2] . The ensuant electro-optic behavior forms the basis of LC displays. Owing to the inherent nature of the material, these devices are passive in that they manipulate light falling on them, but do not emit any light of their own. This demands that but for the simple alphanumeric devices, a backlighting is required. While compact fluorescent tubes have been the standard backlighting sources, in recent times, light emitting diodes and quantum dots are taking over. However, it would be quite attractive if the liquid crystal were itself an emitter.
There have been many attempts in this regard. The primary aim of this article is to look at various aspects of photoluminescence (PL) that arises, from a nanocomposite having cesium lead halide perovskite quantum dots incorporated into the liquid crystal medium, keeping in mind anisotropy and switchability of emission.
Quantum dots (QDs) are nanometer-size semiconductor materials with distinctive optical properties determined by their size. Nanoparticles formed by the II-VI group of elements such as CdS and CdSe have been the traditional QDs. These have been superceded by the organic/inorganic hybrid perovskites with the generic formula MAPbX 3 (MA = CH 3 NH 3 ; X = Cl, Br, I), owing to high photoluminescence (PL) quantum yield, low processing temperatures and low cost. However, more recently all inorganic halide perovskite (IHP) QDs, such as CsPbX 3 (X = Cl, Br, I), are gaining attention from the viewpoint of stability, photovoltaic performances, narrow emission line width and PL efficiency [3, 4] ; the last of these could easily touch near unity [5] . Nano-soft composites having LC host and a variety of nanostructures playing the role of guests is an upcoming field owing to the complementary nature of the two materials. There have been several studies employing QDs as the nanostructures, and this incorporation leads to lower threshold voltage [6] , faster electro-optic response [6] and also moderate emission characteristics [7] [8] [9] . It may be pointed out that in all these cases, the QDs used are spherical, unlike IHPs forming cuboids. The latter thus may be anticipated to promote self-assembly into shape anisotropic entities. If the direction of self-assembly can be dictated by external means it would become all the more attractive. With this background we have recently investigated [10] nanocomposites of IHP QDs and an LC host and found that (i) the inherent high PL efficiency of QDs is retained, (ii) QDs do get self-assembled along a direction dictated by the LC host and (iii) that PL exhibits anisotropy between the in-plane and out-of plane directions. In the main results to be presented in this article, we describe further features of this nanocomposite wherein the system exhibits dual absorption and emission anisotropies-out-of-plane as well as within the plane of the equilibrium orientation of the LC molecules-thus establishing the rich variety of PL behaviour.
Experimental
CsPbBr 3 quantum cuboids (QCs) were prepared and characterized as described in previous publications [10, 11] . In brief, a stock solution of Cs-olelate was prepared Cs 2 CO 3 in 1-octadecene (ODE) and oleic acid under alternate cycles of one hour each under vacuum and N 2 atmosphere keeping the temperature constant at 120 • C. In a separate three-neck round bottom flask, PbBr 2 was taken in ODE and kept at 120 • C under vacuum for 1 hour after which oleic acid and oleylamine were injected. After PbBr 2 got completely dissolved, the reaction temperature was raised to 150 • C before quickly injecting the pre-synthesized Cs-oleate, continuing the reaction for 5 seconds and finally quenching in an ice-water bath. To complete the preparation, the wet pellet was dried overnight under vacuum and employed for making mixtures with LC.
The molecular structure of the host calamitic LC compound, 4-pentylphenyl 2-chloro-4-(4-pentyl benzyloxy) benzoate or PCPBB for short, exhibits the nematic phase over a wide-range of temperatures through room temperature and has been used specifically for its dual frequency dielectric feature [12, 13] . The composite, hereafter referred to as CsLC mixture, containing 2 wt% of CsPbBr3 in PCPBB, was prepared using the standard solution-mixing procedure followed by sonication and high-temperature treatment; toluene was used as the solvent for this purpose. Finally, the mixture was placed under vacuum for 5 hours to ensure removal of any traces of toluene. For photoluminescence measurements, cells made of indium tin oxide (ITO) coated glass plates (electrode gap of~25 µm), whose inside surfaces had a rubbed polyimide alignment layer, were employed. Transmission electron microscopy (TEM) images were obtained using TALOS F200S G2 field emission transmission electron microscope (ThermoFisher Scientific, OR, United States) operated at an accelerating voltage of 200 kV. For photoluminescence experiments, a Spectrofluorometer (Flurolog -3, Horoba Jobin Yvon with a Xenon lamp source) was employed.
Results and Discussion

Microscopy
In our previous report on this topic [10] , we demonstrated that in the CsLC nanocomposite the PL magnitude depends on whether the LC molecules are in the plane of the substrate or out of it. We extend this observation further and investigate whether there is anisotropy of PL in the plane itself. For this purpose, we define the coordinate system as shown in Figure 1a . The plane formed by the substrates, also containing the LC director (n) under equilibrium conditions, is taken to be the XY plane. The rubbing direction of the polyimide layer, which fixes the orientation direction of the employed calamitic LC molecules is denoted as X, and the direction orthogonal to it, but in the plane, as Y. The Z direction is normal to the XY plane and is also the direction along which the electric field gets applied to obtain reorientation of the molecules. With this background, let us first look at the TEM images. The as-prepared CsPbBr 3 nanoparticles are seen to be cuboids ( Figure 1b ) with an edge length of 13.7 ± 3.1 nm. As detailed out in [10] , XRD data confirm the orthorhombic crystal structure. Of specific interest from the viewpoint of current studies is the influence of LC orientation on the disposition of the quantum cuboids. The TEM image obtained from the CsLC mixture is shown in Figure 1c , exhibiting a linear assembly. In fact, QCs get organized along their body diagonals as seen in the HRTEM image ( Figure 1d ) and schematically sketched in Figure 1e . As stated earlier the QCs line-up along the LC director (X direction). A point that may be emphasized is that QCs do fuse to achieve a directed overlap while forming linear assemblies. It is argued [10] that a few of the ligands decorating the QCs may be getting substituted by the LC molecules, which generates a continuity with the neighbouring nematogens and consequently favours a tendency to align along the director. The linear superstructure seen in TEM images actually manifests on truly macroscopic scales, as seen in the POM studies. For this purpose, a thin film of the CsLC sample was placed between two glass substrates whose inner surfaces were treated with a polyimide layer that promotes planar orientation of the LC molecules. POM observations made without the analyzer to avoid the birefringence influence showed that the QCs are generally aligned along the director over regions as large as a few hundred microns (Figure 2a ). The self-assembly is evident when the microscope white light source was replaced by the QC-exciting blue light from a laser diode having a wavelength of 404 nm (Figure 2b ). In fact, independent observations made with the traditional QDs made of II-VI semiconductors do not show such linear self-assembly [14] . Thus, the self-assembly in the CsLC system, which is unprecedented in LC-QD composites can pave way for new kinds of structures that will allow for the anisotropic PL as the superstructure has a non-isotropic feature. 
Absorption
In core/shell CdSe/CdS nanostructures, by encapsulating wurtzite QD cores within an anisotropic shell large, positive optical anisotropy has been realized [15] . Anisotropic emission has also been used in CsPbX 3 QCs with the anisotropy being the largest when iodine is employed as the halide [16] . In our previous work [10] , we showed that anisotropy could also be achieved by dispersing CsPbX3 QCs in a liquid crystal host. Observing an unprecedented LC-driven linear assembly of these QCs, and relying on the inherent property of LC molecules to get reoriented from the surface-dictated orientation to field-dictated direction, the X-Z anisotropy was proved. In this case, the photoselection was done with a horizontal (H) polarizer parallel to the X axis; this allowed to selectively excite QC assembly aligned with the polarization of the excitation source. Through optical microscopy studies, it was also seen that when the applied electric field reorients the LC molecules to be along the Z (out-of-plane) direction, some of the QCs (or QC assemblies) do get reoriented perhaps due to sympathetic communication between the LCs and QCs. Barring such entities, a large number of QCs continue to remain along the X axis even after the LC reorientation. Extending these measurements, we now establish that there is indeed anisotropy in the (XY) plane containing the LC molecules in the equilibrium (no-field) state. To obtain data along the second in-plane direction Y the sample cell was rotated about the incoming beam axis such that the LC orientation direction (X) is normal to the polarizer direction that was kept fixed. A schematic representation of these two geometries is presented in Figure 3 and the corresponding absorption spectra are shown in Figure 4a . The absorption profiles appear qualitatively similar for the two orientations but with substantial difference in the absolute values, the magnitude being larger for the X direction. This difference is significant in comparison with that obtained between the X and Z directions, the latter, also being shown in Figure 4a , achieved by electrical switching of the LC molecules. The temperature dependence of the absorbance values An (n = X, Y or Z) for the different directions obtained at a wavelength of 404 nm are shown in Figure 4b ; at all temperatures the relation AX > AZ > AY is seen to be true. To be noted is that the difference is substantial between A X and A Y , and less so between A X and A Z . (b) Temperature dependence of A X , A Y and A Z at 404 nm . Interestingly in the vicinity of the N-I transition, A Y shows a much larger variation than the other two parameters. This is surprising since from the host liquid crystal point of view, another optical parameter viz., the refractive index has only two values, the ordinary n o and the extraordinary n e . For the incoming light, n e would be along X, and owing to the cylindrical symmetry of the system, both Y and Z would be equivalent with n o as the refractive index. Thus, A Z A Y is surprising. In all cases, away from T NI , the nematic-isotropic transition temperature, the absorbance decreases weakly on temperature, but closer to it, the behavior depends on the direction. While A X and A Z have similar and small decrease, A Y has a large reduction becoming almost immeasurable in the immediate vicinity of T NI . Thus, we define two anisotropic absorptions ∆A XY = (A X -A Y )/ (A X + 2A Y ) and ∆A XZ = (A X -A Z )/ (A X + 2A Z ) , with the form of the denominator indicating the anisotropic average of the involved absorptions. Figure 5 presents the temperature dependence of ∆A XY and ∆A XZ. The first thing to note is that ∆A XY is an order of magnitude larger than ∆A XZ. Secondly, the two anisotropies have opposite temperature dependence: While ∆A XY is hardly dependent on temperature at lower temperatures, but on approaching T NI shows a drastic increase. In contrast, ∆A XZ weakly increases with temperature at lower temperatures, reverse its trend and precipitously drops near T NI . The trend seen for ∆A XZ near the transition is typical of the behavior of the order parameter, such as, for example, the optical anisotropy or the birefringence. Owing to the similarity in the behavior, it is tempting to suggest that ∆A XZ is the order parameter for the system. However, the increasing trend seen on approaching T NI, rules out a similar assignment for ∆A XY. Now, let us consider the following. The absorbance gets contribution from the nematic ordering besides that by the QCs. Thus, the total absorption A can be represented as A = ϕ 1 n QC + ϕ 2 n LC (1) Figure 5 . Thermal variation of the two absorption anisotropies, ∆A XY and ∆A XZ. The in-plane anisotropy ∆A XY is about an order of magnitude larger than ∆A XZ. The two anisotropies have opposite temperature dependence, ∆A XY increasing and decreasing on approaching T NI (marked as the vertical dash line).
Here ϕ 1 and ϕ 2 are prefactors, n QC and n LC are the refractive indices of CsPbBr 3 and the LC. n LC is known to be anisotropic and thus its value could be either n e or n o depending on the polarization of incident light with respect to the orientation direction of the LC molecules. Determined by the self-assembly at the nm (Figure 1) as well as at the µm scale ( Figure 2) , A X is dominated by the contribution from QCs. It is known that the difference in refractive index between an anisotropic nanostructure and its environment renders substantial end facet reflectivity [17] . Since the LC medium, which surrounds QCs, is also anisotropic, in the present case the environmental influence is also direction-dependent. Thus, the observed anisotropic absorption could be explained by the environmental effect. However, as ∆A XY and ∆A XZ are significantly different, we treat eq. (1) to be direction-dependent and express this feature as
Considering that the absorptions measured in both the Y and Z directions are lower than that for the X direction, we take the second term in each of the expressions (2)-(4) to have a subtractive effect on the first term, and ϕ 1 , ϕ 2, ϕ 3 are < 1. It may be noted that in this formalism, since during the electric field-driven reorientation of LCs, a majority of QCs are not seen to be rotating with the LC, the first term remains identical for A X and A Z . Thus, ∆A XZ would be given by the product of ϕ 2 and birefringence (n e -n o ), which has a value of~0.1 for the LC used here with n QC taken as 2.2 [18] . With these considerations, we work out ϕ 1 , ϕ 2, ϕ 3 to be 0.3, 0.1 and 0.4. Hence, ∆A XY would be more dominating than ∆A XZ. A possible reason for the inequality of ϕ 1 and ϕ 3 could have its origin in the anisotropic absorption expected and observed in shape anisotropic quantum nanostructures [18, 19] . These arguments fit very well with the considerations that colloidal nanorods behave like miniature bar polarizers, selectively attenuating incident electric fields polarized orthogonal to their long axes [20] .
Thus, in the Y configuration, the linear assembly of the QCs, which may be loosely defined as nanorods, can be expected to attenuate light polarized along the X axis. In fact, the authors of Ref. [21] compute the absorption anisotropy of a system of CdSe/CdS nanorods embedded in a dielectric medium in terms of ε medium (1−α)ε medium − ε rod , where α is the depolarization factor, lending support to the equations (2)-(4) that we have proposed.
Dual Anisotropic Photoluminescence
The photoluminescence (PL) spectra obtained with 404 nm excitation of the CsLC nanocomposite in the X, Y and Z configurations are shown in Figure 6a . The peak emission wavelength is unaltered in all these cases, but peak magnitude (I em ) follows the relation I X > I Z > I Y, just as expected from the absorption data. The temperature dependences of these parameters (Figure 6b) show that over the entire thermal range of the nematic, this relation remains true. We calculate the ∆I XY and ∆I XZ the two anisotropies in emission using the expression [21] . Figure 6 . (a) Photoluminescence spectra at room temperature obtained with excitation at 404 nm for a thin film of the CsLC nanocomposite in the X, Y and Z geometries described in Figure 3 . While the wavelength of peak emission remains the same, the magnitude varies with the geometry. (b) Thermal variations of the peak emissions I X , I Y and I Z, exhibiting a similar relation as the corresponding absorptions A X , A Y and A Z. . (c) Influence of temperature on ∆I XY and ∆I XZ , the two anisotropies of emission, as calculated using Equations (5) and (6) .
The thermal variations of these anisotropies are depicted in Figure 6c , and exhibit, interestingly but not surprisingly, behavior quite similar to the corresponding absorption anisotropies: ∆I XY increases whereas ∆I XZ diminishes on approaching T NI . The fact that the individual I em still have a decreasing trend as temperature is raised (see Figure 6b ) suggests that the polarization discrimination mentioned above is better in the vicinity of T NI , a feature that is counterintuitive, and the reason for which is not clear to us.
Voltage-Switchable Photoluminescence
It has been mentioned above that the LC molecules can be made to switch from the equilibrium X to the Z direction to be along the applied field. This is based on the well-known Freedericksz transformation phenomenon, involving application of an ac electric field having a frequency lower than the director relaxation frequency, and a voltage (V) above a threshold voltage (V th ). The molecular reorientation gets initiated at V th , and for V > V th the molecules become normal to the substrate. The PL spectra obtained at room temperature for different voltages in the range of 0 to 18 V rms and at a fixed frequency of 1 kHz, covering the reorientation of molecules from the X (0 V) to Z (18 V) direction, are shown in Figure 7a . As already seen in Figure 6a , at all voltages, the peak emission wavelength remains unaltered. The peak emission level is plotted as a function of voltage in Figure 7b , and presents a behaviour standard for threshold-operated parameters. The threshold voltage is determined to be 5.5 V, a value that is higher than that obtained with permittivity data, which are treated as a direct measure of the reorientation. The dynamic response of the system switching between these two anisotropic limits for voltage ON (18 V) and voltage OFF (0 V) cases, is depicted in Figure 7c showing that the switching is quite rapid, although has a significant tail region for the switch-off process. We have previously [10] shown that owing to the dual frequency capability of the LC host, instead of switching the voltage off, the frequency of the field can be made high (~50 kHz) to realize fast (1 ms) responses from the system. Our preliminary measurements show that ∆I XY remains quite high over the studied 0-20 V range. If field-driven operation is possible for the X-Y switching also, it would result in large voltage-controlled fluorescence swings. While the magnitude of PL swing is much larger than for the X-Z switching, the response is thresholdless, as it should be. We are in the process of realizing the proper geometry needed for the purpose. 
Summary and Outlook
We have described photophysical properties in a nanocomposite comprising cesium lead halide perovskite quantum cuboids (QCs) dispersed in a wide temperature range nematic liquid crystal. Unlike the liquid crystal systems composed of conventional II-VI quantum dots, the QCs employed here exhibit linear assemblies clearly seen at the nm scale, through TEM, and at the mm scale, through polarizing optical microscope. Such linear superstructures are all the more attractive since the assembly is directed to be along the nematic director. Employing such assemblies we demonstrate several interesting features including (i) unaltered bandwidth of emission, which retains the same sharpness as the native QCs, (ii) dual anisotropies, brought about by values being different along all the three directions with reference to the director, (iii) voltage-driven switching between anisotropic limits and (iv) fast field-driven response. These investigations are being extended at several levels, some of which are indicated in the following.
The ligands that cover the QCs are, by design, organic in nature. From the viewpoint of stabilizing larger concentration of QCs, it would be advantageous to use mesogenic entities to take the place of the ligands. Such ligands, when properly incorporated, not only provide better compatibility between the inorganic and organic environments but will offer a variety of liquid crystalline structures, which can enrich the field of QC-LC nanocomposites. Chirality of the constituents plays an important role in discriminating and even amplifying light having specific circular polarization. While the molecular chirality of the ligands is the basis, the self assembly such as the ones discussed in this article could lead to structural chirality and consequently chiral amplification. Obviously, this scheme presents development of materials that can be generating both left handed and right handed circularly polarized light. A further extension would be to associate QCs with LC photonic structures exhibited by chiral nematic, twist grain boundary and Blue phases. For example, the chiral nematic or cholesteric phase displays photonic band gap (PBG) due to the presence of a helical structure present normal to the local director direction. If light is propagating along the helical axis, then the pitch p of the helix is given by λ o .n avg , λ o being the wavelength of the maximum reflection and n avg , the average of n e and n o ; p.∆n defines the width of PBG. In recent times there has been much activity to achieve materials with desired characteristics of PBG: λ o in the vis/NIR, improved bandwidth and enhanced reflection. A more recent addition has been to include PL functionality, and will have much impact on new generation optical devices such as in reflective displays with high contrast ratio and distributed feedback lasers. The helix of cholesteric LCs acts as a selective absorber of wavelengths determined by PBG. A potentially better PL system can thus be designed by synergistically appealing to the characteristics of the PL and PBG materials. In fact, we have recently demonstrated that large enhancement in emission can be achieved by matching the excitation wavelength λ ex of the PL material with the selective absorption wavelength λ o of the PBG material [22] . Replacing the organic emitter used in this case by QCs would thus be a path to achieve narrow bandwidth emissions amplified by the PBG structure.
Another dimension for CsLC nanocomposites that we are working is towards optical control of QC emission. The optical control is through photoisomerization of photoactive molecules such as azobenzene, which upon irradiation with actinic light undergo shape transformation from rod-like to bent-form [23, 24] . This shape transformation is known to have a strong effect on the LC and its properties. Preliminary measurements performed on a LC-quantum dot composite in which an azobenzene derivative is physically mixed (for a schematic representation of the situation see Figure 8a shows promising results. We are working towards quantum dots which are decorated with photoactive ligands, and form a dimer, trimer or other such n-mer entities (see Figure 8b ). Forward and reverse photoisomerization of the ligands should then lead to a "breathing" response from the quantum dot n-mers varying the super-particle size. Through proper design this would manipulate the energy transfer allowing for optical control of emission wavelength. The azobenzene derivative responsible for this has an equilibrium rod-shaped trans state, which upon photoisomerization changes to bent cis state. This change in shape of the minority azobenzene molecules drives the entire system isothermally from the nematic to the isotropic phase. Through different pathways the system returns to the trans isomer of azobenzene, and the equilibrium nematic phase. (b) Chemically bound azobenzene and quantum dot system in (i) dimer, (ii) trimer and (iii) star-shaped forms in the equilibrium and photoisomerized states. To be noticed is the size reduction/shape change of the assembly during the process.
